The upgrades for the ATLAS Pixel Detector will be staged in preparation for high luminosity LHC. The first upgrade for the Pixel Detector will be the construction of a new pixel layer which will be installed during the first shutdown of the LHC machine, foreseen in 2013-14. The new detector, called the Insertable Blayer (IBL), will be installed between the existing Pixel Detector and a new smaller radius beam-pipe. The IBL will be located at an average radius of 3.3 cm. The IBL required specific developments to cope with increased radiation and pixel occupancy and also to improve the physics performance through reduction of the pixel size and a more stringent material budget. Two silicon sensor technologies have been pushed forward to fulfill the IBL requirements: thin planar sensors and 3D double side sensors, both with slim edge. An overview of the IBL project, of the module design and qualification with particular emphasis on irradiation tests will be presented.
Introduction
The ATLAS [1] Collaboration at the LHC (Large Hadron Collider) [2] is constructing an additional fourth layer to its silicon Pixel Detector [3] , called the IBL (Insertable B-Layer). This barrel layer will be at 3.3 cm from the beam axis (present innermost B-Layer is at 5 cm), will have a smaller pixel size (50 µm × 250 µm) compared to the present 50 µm × 400 µm, and will be readout by the newly developed FE-I4 circuit [4] . The IBL package, consisting in a new beam pipe, the IBL itself and its services will be inserted inside the present Pixel Detector in 2014, during the first long shutdown of the LHC.
The IBL will operate untill 2022 at a maximal peak luminosiy of 2 × 10 34 cm −2 s −1 . It has to withstand a NIEL (Non Ionizing Energy Loss) of 5 × 10 15 1MeV neutrons equivalent per cm 2 and a dose of 2.5 MGy, which is five times the requirements for the B-Layer.
A fourth pixel layer will compensate for module failures and luminosity induced saturation effects in the present Pixel Detector. Having smaller pixels and being closer to the beam, the IBL will reduce the fake tracks arising from random combinations of hits and enhance efficiency of tagging heavy flavour quarks. Tracking in dense hadronic jets and b quark tagging capability are key performance to measure the Higgs boson properties in the W H → bb channel. These studies will benefit from the neural network based clusterization method [5] , which allows to split large clusters induced by several particles, in dense high momentum hadronic jets.
Requirements
Simulation studies [6] set requirements for IBL, to fullfil the goals mentioned above. The very small available space prevents overlaps between sensors along the beam axis, resulting in a strong requirement for the sensor inactive edge, to minimize the unvoidable inefficiencies. The amount of material should not be higher than 1.5 % of a radiation length. This have consequences not only on sensors and front-end chips, but also on mechanics, cooling system and services.
Increasing the bias voltage (up to 1 kV for n-in-n silicon planar sensors) will compensate for radiation effects. A maximal power dissipation of 200 mW/cm 2 is required to allow the cooling system to be operational at the end of the IBL lifetime. A hit efficiency as large as 97 % is also required.
Mechanics and services
The IBL will be a 72 cm long cylindrical layer, formed by 14 staves around the beam axis, at an average radius of 3.3 cm (figure 1) [7] . Staves are loaded with pixel modules, which consist in sensor-readout chips assemblies.
Staves are assemblies of carbon foam, housing a titanium cooling pipe and stiffened by a carbon fiber laminate shell (figure 2) [7] . Services (low and high voltage, configuration, data readout, monitoring) are routed using a polyimide-aluminium-copper multilayer circuit, called flex, glued on the stave. It is connected to front-end chips by dedicated wings.
The ATLAS collaboration chose n-in-n planar silicon sensors with a slim edge [8] and the newly developed silicon 3D sensors [9] to equip the IBL. 3D sensors are placed at high pseudorapidity (at the stave ends), to benefit from the vertical orientation of electrodes in measuring the coordinate along the beam axis, especially after heavy irradiation. Each stave is loaded with 12 planar and 8 3D modules, distributed at both ends ( figure 2) . The IBL provides a total of about 12 million pixels.
Sensors
Slim edge planar sensors are manifactured by CiS 1 . They make use of moderate p-spray to isolate npixels. The slim edge is achieved by extending the external row (first and last pixel along the beam axis) 1 Erfurt, Germany. Figure 2 : Sketch of individual pixel staves, indicating the placement of planar and 3D pixel modules, on the IBL pixel detector [7] .
beyond the guard rings, and make them 500 µm long instead of the normal 250 µm, and thus, leaving only 200 µm between the physical edge and the pixel end. The IBL 3D silicon sensors are manufactured by CNM 2 and FBK 3 . Dimensions of both types of sensors are given in figure 2 . IBL sensors will be readout by a new developed front-end chip, the FE-I4 [4] . It is manufactured in IBM 130 nm CMOS process. It has a thickness of 150 µm and amplifies, shapes and discriminates signals from 80 × 336 pixels. Planar and 3D sensors are read by two and one FE-I4 chips respectively. Digital processing is shared between 2 × 2 neighbouring pixels. Output signal are encoded over a dynamic range of 4 bits, and transmitted to external readout at a rate of 160 Mb/s. FE-I4 chips are bump-bonded to sensors by silver-tin solder. Cell efficiency map for sensors irradiated to an equivalent NIEL of 5 × 10 15 1MeV neutrons per cm 2 for both technologies (a and c for 3D, b and d for planars) and for two different incidence angles (normal incidence for a and b, 15 • incidence for c and d) [10] . Inefficient areas due to passthrough electrodes are visible for both technologies and both incidences: p-type and n-type columns for 3D and bias grid for planar sensors.
Beam Tests
Several runs of beam tests have been carried out during the development of sensors and readout chips. They included testing of unirradiated and irradiated modules, several incidence angles and operation inside a magnetic field. Only few important results will be shown here. IBL modules were operated with a typical threshold of 1500 electrons. Bias voltage was around 20 and 150 V for unirradiated 3D and planar sensors respectively and about 150 and 1000 V for irradiated sensors.
The edge tracking efficiency of sensors is shown on figure 3 [7] . Both technologies managed to reduce the inefficient edge to about 200 µm. Figure 4 shows cell efficiency after irradiation [10] . Inefficiencies are observed under the bias grid of planar sensors after irradiation and at electrode positions in 3D sensors. The later is reduced for tilted tracks.
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Overal efficiency is always higher than 97 %.
Schedule and Conclusion
The ATLAS detector will have a 4-hits Pixel Detector after the first long LHC shutdown. Tests under particle beam showed that the required performance is met, including after irradiation.
The ATLAS Collaboration already received 100 % of the IBL sensors, including spares. Most of the FE-I4 have been delivered and their bump-bonding to sensors has started and will be completed by the end of 2012. Module loading on staves shall be completed by May 2013. IBL should be installed inside the ATLAS detector in 2014.
